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Summary
1. Understanding the complete dispersal process is important for making realistic predictions
of species distributions, but mechanisms for diaspore release in wind-dispersed species are
often unknown. However, diaspore release under conditions that increase the probability of
longer dispersal distances and mechanisms that extend dispersal events in time may have evolu-
tionary advantages.
2. We quantiﬁed air humidity thresholds regulating spore release in the moss Brachythecium
rutabulum. We also investigated the prevailing micrometeorological conditions when these
thresholds occur in nature and how they aﬀect dispersal distances up to 100 m, using a mecha-
nistic dispersal model.
3. We show that moss spores were mainly released when the peristome teeth were opening, as
relative air humidity (RH) decreased from high values to relatively low (mainly between 90%
and 75% RH). This most often occurred in the morning, when wind speeds were relatively
low. Surprisingly, the model predicted that an equally high proportion of the spores would tra-
vel distances beyond 100 m (horizontally) when released in the wind conditions prevailing dur-
ing events of RH decrease in the morning, that lead to peristome opening, as in the highest
wind speeds. Moreover, a higher proportion of the spores reached high altitudes when released
at the lower wind speeds during the morning compared to the higher speeds later in the day,
indicating a possibility for extended dispersal distances when released in the morning. Disper-
sal in the morning is enhanced by a combination of a more unstable atmospheric surface layer
that promotes vertical dispersal, and a lower wind speed that decreases the spore deposition
probability onto the ground, compared to later in the day.
4. Our study demonstrates an active spore release mechanism in response to diurnally chang-
ing air humidity. The mechanism may promote longer dispersal distances, because of enhanced
vertical dispersal and because spores being released in the morning have more time to travel
before the wind calms down at night. The mechanism also leads to a prolonged dispersal per-
iod over the season, which may be viewed as a risk spreading in time that ultimately also leads
to a higher diversity of establishment conditions, dispersal distances and directions.
Key-words: abscission, atmospheric stability, bet-hedging, bryophyte, diaspore, Lagrangian
stochastic model, wind dispersal
Introduction
For wind-dispersed cryptogams and vascular plants, the
dispersal process can be divided into release, transportation,
and deposition of diaspores. Much of the literature focuses
on the transportation phase, while the mechanisms
triggering diaspore release have been less studied (Greene
2005; Kuparinen 2006). Dispersal models therefore often
assume random diaspore release in relation to environmen-
tal conditions, such as wind speed and humidity (e.g.
Tackenberg 2003; Kuparinen et al. 2007). For many
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species, this assumption is not true (e.g. Skarpaas, Auhl &
Shea 2006; Borger et al. 2012; Pazos et al. 2013; Johansson
et al. 2014; Savage, Borger & Renton 2014), and the condi-
tions under which diaspores are released may strongly
aﬀect, for example their dispersal distances (Schippers &
Jongejans 2005; Soons & Bullock 2008; Savage et al. 2012),
which has implications for our understanding of, and the
ability to predict, species distributions.
Plants that disperse diaspores over long distances may
decrease competition with conspeciﬁcs and can better sam-
ple their surrounding environment to ensure colonization
of new suitable habitats, which has evolutionary advan-
tages (e.g. Howe & Smallwood 1982; Levin et al. 2003).
Diaspore release mechanisms that have evolved under a
selection pressure for long dispersal distances may work
such that release thresholds in wind speed or turbulence ﬁl-
ter dispersal events towards periods with high wind speed,
which usually increase the probability of extended disper-
sal distances (Schippers & Jongejans 2005; Pazos et al.
2013; Johansson et al. 2014). Other examples are seed or
pollen release in response to decreasing air humidity or
plant wetness (Greene & Johnson 1992; Jackson & Lyford
1999; Jongejans et al. 2007), which also may extend disper-
sal distances as decreasing humidity often correlates with
increasing wind speeds over 24 h (Greene, Quesada &
Calogeropoulos 2008). For species living in variable envi-
ronments, another strategy is to spread the risks in time,
‘bet-hedging’ (Seger & Brockmann 1987), where the classi-
cal example is delayed germination of seeds (e.g. Venable
2007), but it could also include extended diaspore release
events in time (Bastida & Talavera 2002). However, for
many species groups little is known about diaspore release
mechanisms in response to environmental conditions and
how they may aﬀect dispersal in space and time, for exam-
ple in mosses.
Mosses (division Bryophyta sensu stricto) contain
roughly 12 000 species. They are abundant on the ground
or on stones, dead wood and living trees in most terrestrial
ecosystems of the globe, and contribute to nutrient cycling,
water retention and create habitat complexity (Vander-
poorten & Goﬃnet 2009). They disperse their spores from
a capsule at the top of a seta that is often elevated above
the moss shoot. Even if the density of deposited spores is
highest within a few tens of metres from the source
(L€onnell et al. 2015), several studies suggest that moss
spores may be able to travel tens (Hutsemekers, Dopagne
& Vanderpoorten 2008; L€onnell et al. 2012) or even hun-
dreds of kilometres (Sundberg 2013). The potential for
long dispersal distances may be aﬀected by spore size
(Wilkinson et al. 2012), but also by the spore release con-
ditions. However, spore release mechanisms in mosses are
still poorly understood, but we know that the release is
regulated diﬀerently among species. In some species,
spores may be passively released by the wind when the
sporophyte starts to vibrate (Johansson et al. 2014) or just
fall out when the capsule decomposes (Vanderpoorten &
Goﬃnet 2009), while others have a more active release
mechanism in which the spores are violently discharged
(Sundberg 2010; Whitaker & Edwards 2010). Wind-
induced vibrations and violent discharge, which lead to an
instant release of spores, have been suggested to increase
dispersal distances, but the ﬁrst may only occur in species
having capsules exposed to strong wind and the second is
only found in one genus (Sphagnum). However, many spe-
cies have a peristome in the capsule opening (Fig. 1) that
reacts hygroscopically to changes in air humidity (cf.
Mueller & Neumann 1988). In most species, the peristome
teeth close in response to increasing humidity, and thus
cover the capsule opening, but the reason for this is still
unclear. It has been suggested that the main reason is to
prevent spore release under wet conditions, and only allow
dispersal during dry conditions when the peristome is open
and spores can be shaken out by forces such as the wind
(Ingold 1965), while others have suggested that the peris-
tome movement in itself actively promotes spore release
(Lazarenko 1957; Mueller 1973). The literature on the sub-
ject is old (cf. Mueller & Neumann 1988), and many of the
observations are of anecdotal character. Quantiﬁcations of
humidity thresholds for peristome movements, their rela-
tions to spore release, and how they aﬀect dispersal dis-
tances are lacking. Such quantiﬁcations are important for
understanding under what circumstances spores are
released in nature. They increase the possibility of making
accurate predictions of spore dispersal patterns, and to
understand the evolution of dispersal traits.
The aim of this study was to (i) investigate the impor-
tance of peristome movements for spore release, (ii) quan-
tify the air humidity thresholds for when the peristome
opens and closes, (iii) investigate when these thresholds
occur in nature and their relations to micrometeorological
conditions, and (iv) examine how these conditions may
aﬀect spore dispersal distances. We do this based on spore
release measurements in a humidity chamber (i, ii),
micrometeorological ﬁeld measurements (iii), and spore
dispersal simulations using a mechanistic dispersal model
(iv).
Materials and methods
STUDY SPEC IES
All experiments were carried out using Brachythecium rutabulum
(Hedw.) Schimp., a pleurocarpous moss in the family Brachytheci-
aceae. The species is common and has a wide habitat range from
open to closed habitats, but is especially common on wood and
rocks in deciduous forests. Fertilization occurs during the summer,
the sporophyte matures during the autumn and winter and starts
to release its spores, from the orthogonally oriented capsule (sensu
Heden€as 2007), after the lid dehisces during the spring (Arnell
1875). The capsule has two rings of peristome teeth in the opening
(i.e. a double peristome; Fig. 1), which is a common type of peris-
tome being found in roughly half (5000–6000) of the moss species
globally (Frey, Stech & Fischer 2009). The capsule persists with
an intact peristome over the summer and starts to decompose dur-
ing the autumn. The spherical spores are around 18 lm in diame-
ter and should therefore have a settling velocity of approximately
08 cm s1 (McCubbin 1944). The number of spores per capsule is
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roughly 250 000, based on spore counts from ﬁve capsules using a
B€urker counting chamber.
Capsule-bearing shoots of the study species were collected in
November 2013 from a natural population in east-central Sweden
(N59°, E18°), and were kept in a greenhouse where we followed
the maturation process over the winter. We considered the cap-
sules to have mature spores, ready to be released, when the
capsule lost its lid. All experiments were carried out during
March–May 2014.
SPORE RELEASE
To study spore release in relation to humidity, we used a dissect-
ing microscope having its lens immersed into a plastic humidity
chamber (Appendix S1, Supporting information). Humidity was
regulated with a Beurer LB12 ultrasonic humidiﬁer (Beurer, Ulm,
Germany). The wind speed created by the humidiﬁed air entering
the chamber was <01 m s1. We quantiﬁed spore release for 15
fresh capsules from the greenhouse. For each sporophyte, the seta
was attached vertically in the chamber, so that the capsule was
horizontally oriented with the opening facing sideways, as in nat-
ure (Appendix S1). We ﬁlmed spore release (Appendix S2) during
one opening of the peristome (that took approximately 1 min) per
capsule through the dissecting microscope using a Canon IXUS
500 HS full HD digital camera (24 frames per second). From these
ﬁlms, we then roughly estimated the number of spores released.
As it was diﬃcult to assess the exact number of spores, especially
when many were released, we rounded the numbers as follows:
1–10 (every spore), 10–100 (in whole tens), 100–1000 (in whole
hundreds) and >1000.
We also tested the number of spores being released from the
capsule in response to induced vibrations, when the peristome was
closed (wet conditions) and after it had been open for at least 1 h
(dry conditions). This was done by clicking on the adjustment
sticks (Appendix S1) three times which has been shown to trigger
substantial spore release in other species that do not have a peris-
tome that closes in response to humidity (Johansson et al. 2014).
PER ISTOME MOVEMENTS
To quantify humidity thresholds for the peristome to close and
open, we used the same humidity chamber as described above.
The relative air humidity (RH; %) was recorded using the
hygrometer Swema 3000 with the HygroClip2 HC2-S probe
(Swema, Farsta, Sweden) located 3-cm sideways of the sporo-
phyte. First, we gradually increased the RH and noted the
value when the outer peristome teeth started to bend inwards
(i.e. started to close). Secondly, we increased the RH until the
peristome became completely closed, and then decreased it
again and noted at which value it started to open. In total, we
tested 45 sporophytes (one by one), 15 fresh from the green-
house, 15 fresh from the ﬁeld and 15 specimens from a herbar-
ium (the Swedish Museum of Natural History, Stockholm).
The fresh sporophytes from the ﬁeld were collected in May
2014 and were included to investigate whether sporophytes
grown in the greenhouse responded diﬀerently to humidity
from ﬁeld-collected sporophytes. The herbarium material was
included to investigate whether the peristome movements are
persistent, and respond to humidity in the same way as fresh
material. This could simplify future studies of peristome move-
ments by allowing the use of herbarium specimens, which may
be more accessible than ﬁeld material. We used herbarium
material collected during the season of spore release and
included three capsules from each of ﬁve diﬀerent specimens
(in total 15) that were collected between 1967 and 2011 (from
the end of February to May). For the herbarium material, we
increased the humidity (to ~95%) a couple of times before
starting the measurements.
HUMID ITY AND WIND CONDIT IONS IN NATURE AND
THE IR EFFECTS ON SPORE DISPERSAL D ISTANCES
To illustrate when spores are most likely to be released in nature,
we use data from another study on moss dispersal (L€onnell et al.
2015). In that study, relative air humidity and wind speed were
recorded at 20 cm above the ground during 15 days in the begin-
ning of May 2011, in a relatively open habitat with scattered trees.
We also calculated the atmospheric stability parameter at one
metre above the ground based on the Obukhov length (L) as 1/L.
The Obukhov length is a widely used measure to characterize the
stability of the atmospheric surface layer (ASL), the lower part of
the atmospheric boundary layer (ABL), as it can be assumed to be
constant within the ASL. The Obukhov length is deﬁned via the
vertical ﬂuxes of temperature and momentum at the ground sur-
face (for more details see e.g. Kaimal & Finnigan 1994). For sim-
plicity, we only divided the stability into two categories: stable (1/
L > 0) and unstable (1/L < 0). An unstable ASL occurs during
daytime, when surface heating generates upward movements of
heated air (convection), which may uplift spores and greatly facili-
tate their dispersal in the air compared to in the stable ASL that
occurs at night (Stull 1988). Here, we present mean values from
10-min periods during these 15 days and relate them to humidity
thresholds for the opening and closing of the peristome of our
study species.
(a) (b) (c)
Fig. 1. The peristome movements of the sporophyte in a fresh Brachythecium rutabulum specimen from the greenhouse in response to rela-
tive air humidity (RH), when (a) open (RH; 40%), (b) closing (RH; 75%) and (c) closed (RH; 90%).
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To illustrate how dispersal distance may diﬀer when spores are
released by the peristome opening as compared to a release mech-
anism that is triggered by high wind speed (e.g. Johansson et al.
2014), we modelled spore dispersal using a mechanistic dispersal
model (Norros et al. 2014; L€onnell et al. 2015). We randomly
chose one 10-min period from each of the 15 days when the RH
was in the same range as when the peristome started to open (RH;
75–89%) and the period having the highest wind speed for each
day (i.e. 15 other periods than for suitable RH). We then simu-
lated spore dispersal given that spores were released under the
conditions prevailing in each of these 30 periods. For each period,
we performed Lagrangian stochastic trajectory modelling of air
parcels carrying the 18-lm-diameter spores, released 5 cm above
the ground. Such air parcels are assumed to be marked ﬂuid ele-
ments containing a number of spores that is proportional to the
spore release strength. However, in this study, we present the frac-
tional dispersion statistics, and therefore, the spore release was
assumed to have unit strength in all periods. Turbulence in the
simulation domain was assumed to follow the ASL similarity scal-
ing, and spore collection by ground vegetation and deposition to
the surface was modelled following Norros et al. (2014) by using
the dry deposition model by Petroﬀ et al. (2008). Ensemble aver-
age dispersal and deposition statistics were inferred from 100 000
trajectories simulated for each 10-min period. Turbulent dispersal
within each such period was driven by turbulence conditions
determined by the measured heat and momentum ﬂuxes and the
variances of the three wind speed components; for each trajectory,
the coordinates and the travel time counted from the release was
calculated. During trajectory simulations, we also collected statis-
tics for the vertical distribution of spores along the horizontal dis-
tance. Lagrangian trajectories were followed up to 100 m
horizontally in all directions from the source. This maximum dis-
tance was chosen because (i) our model was parameterized based
on the turbulence statistics in the ASL and therefore was not cap-
able to predict the long-distance dispersal depending on the devel-
opment of the ABL state and larger scale meteorology; and (ii) we
know that the model performs well up to 100 m, since model pre-
dictions have been validated by empirically observed colonization
patterns of another ground living moss to that distance (L€onnell
et al. 2015). The model is more thoroughly described in
Appendix S3, and all the details on the modelling approach can
be found in L€onnell et al. (2015).
Results
Spores were almost only released during the opening of
the peristome, and the release occurred instantaneously
when the peristome teeth started to move. The estimated
number of spores released during one opening of the peris-
tome ranged from 20 to >1000 (median = 200) for the 15
tested capsules from the greenhouse. Most spores were
released at the incipient opening, rather than towards the
end. No spores were released in response to vibrations
induced in sporophytes with closed peristome (high humid-
ity), and only in two of 15 capsules spores (<10) were
released from sporophytes with open peristome (low
humidity) when being vibrated.
After being dried, the outer peristome started to close at
a clear threshold of RH = 693% (SD = 253), and after
being wet, it opened at a clear threshold of RH = 855%
(SD = 239, Fig. 2) for the material from the greenhouse.
The thresholds were very consistent between diﬀerent types
of fresh and herbarium material (Fig. 2). The correspond-
ing thresholds in RH for fresh, ﬁeld-collected material
were 675% (SD = 172) and 864% (SD = 168), and for
herbarium material 688% (SD = 293) and 874%
(SD = 277). There was no diﬀerence between the groups
for the process of closing (F = 232, P = 011) or opening
(F = 242, P = 010).
Based on micrometeorological ﬁeld measurements at
20 cm above the ground, the RH-thresholds for peristome
opening and closing were crossed mainly in the morning
and in the evening, respectively (Fig. 3). When the
RH-threshold for peristome opening was crossed in the
morning, wind speeds were increasing but were generally
lower than at noon and in the afternoon (there was a
signiﬁcant negative correlation between air humidity and
wind speed; r = 055, t = 307, P < 0001, Fig. 4). The
stability of the ASL switched from stable to unstable dur-
ing this time, and these conditions then continued during
the day (Fig. 3). The probability for an unstable ASL was
071 for periods with conditions suitable for peristome
opening, while the probability was 064 for all other peri-
ods. For the highest wind speeds (the upper 95% quantile),
the ASL was always unstable but on average less unstable
(1/L = 0013) as compared to the unstable periods
suitable for peristome opening (1/L = 018).
Simulations of spore dispersal, based on the mechanistic
dispersal model and the ﬁeld-micrometeorological data,
showed similar spore deposition patterns within 100 m
horizontal distance, and that on average roughly the same
proportion of spores (~27%) was transported beyond
100 m when being released in the highest wind speed
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Fig. 2. The relative humidity (RH; %) when the peristome teeth
of Brachythecium rutabulum start closing when humidity increases,
and opening when humidity decreases, in fresh material, from a
greenhouse (GH) and the ﬁeld (N), and in herbarium material.
Thin vertical lines show mean values, horizontal thin lines the full
range of the data, and horizontal thick lines show the range
between the 25th and 75th percentiles.
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(mean of the highest wind speed class from the 15 days
being 145 m s1) as in the wind conditions (mean
064 m s1) that prevailed during periods of peristome
opening (Fig. 5a). However, the vertical distribution of
spores at 100 m horizontal distance diﬀered considerably
(Fig. 5b); for spores being released during the RH-thresh-
old of peristome opening, 62%, 34% and 16% exceeded
5 m, 10 m and 20 m above-ground, respectively, while the
corresponding proportions for spores being released at the
highest wind speed were 42%, 10% and 07%, respectively.
The ASL was more unstable during the 15 periods that
corresponded to the period of peristome opening (mean of
1/L = 029) as compared to the 15 periods with the high-
est wind speed each day (mean of 1/L = 0026, Fig. 6).
Discussion
We here describe and quantify the importance of an active
release mechanism of moss spores that has been poorly
understood, despite that it is probably very common
among mosses, since roughly half of the 12 000 mosses
possess a similar peristome. We show that spores are only
released when the peristome teeth in the capsule mouth
open in response to decreasing humidity, which usually
occurs in the morning. During spore release, wind speeds
are comparatively low, which contrasts mechanisms for
seed release. Nevertheless, the release mechanism seems to
enhance dispersal distances, compared to mechanisms that
release spores at higher wind speeds, because release in the
morning results in that a higher proportion of the light
spores reach high altitudes. The mechanism may also
extend the dispersal in time more than other known release
mechanisms for moss spores.
DIASPORE RELEASE IN RESPONSE TO CHANGING
HUMID ITY AND ITS EFFECT ON DISPERSAL D ISTANCE
We show that moss spores can be released in response to a
changing humidity, which agrees with release studies of
seeds (Greene & Johnson 1992; Jongejans et al. 2007;
Greene, Quesada & Calogeropoulos 2008; Marchetto et al.
2012) and fungal spores (e.g. Rockett & Kramer 1974).
However, the relationships to humidity and the release
mechanisms or mechanisms regulating under which condi-
tions release could take place diﬀer among organism
groups. We show an active mechanism triggering moss
spore release within a rather tight span of air humidity.
Spores are mainly released when the humidity is still rather
high, which to some extent agrees with many fungi (e.g.
Rockett & Kramer 1974), even if the regulating mechanism
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Fig. 3. Micrometeorological data from the ﬁeld measured at 20 cm above the ground, showing relative air humidity (RH; dots), wind
speed (lower continuous line) and ASL stability (black = stable, grey = unstable, at the top) in 10-min periods during 15 days in May,
where vertical dotted lines indicate noon each day. Horizontal broken lines show the humidity threshold for the opening and the closing
of the peristome, and big black dots indicate when spores are most likely to be released as the peristome opens (i.e. periods when the pre-
vious period had a higher RH that also was between the two thresholds).
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Fig. 4. Correlation scatter plot between horizontal wind speed and
RH. Horizontal broken lines show the humidity threshold for the
opening and the closing of the peristome, and black dots indicate
when spores are most likely to be released as the peristome opens
(i.e. 10-min periods when the previous period had a higher RH
that also was between the two thresholds).
© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 1196–1204
1200 V. Johansson et al.
is completely diﬀerent (Money 1998). In contrast, seed
release seems to increase with decreasing humidity (Greene
& Johnson 1992; Jongejans et al. 2007; Greene, Quesada
& Calogeropoulos 2008; Marchetto et al. 2012). Compared
to light spores, the heavier seeds may beneﬁt more from
being released during dry and windy conditions, which
usually correlate over 24 h (Greene, Quesada & Calogero-
poulos 2008; Fig. 3). Several studies suggest that seed
release at high wind speed and turbulence promotes longer
dispersal distances (e.g. Schippers & Jongejans 2005; Soons
& Bullock 2008), which has also been suggested for spores
(e.g. Savage et al. 2012; Johansson et al. 2014). However,
according to our results, the wind conditions prevailing
during the opening of the peristome in the morning lead to
an equally large proportion of spores being dispersed
beyond 100 m as for the highest wind speeds each day
(Fig. 5a; during midday or afternoon), even though the
mean horizontal wind speed is lower in the morning. The
primary reason for this is the stability of the ASL, which
switches from stable to unstable during the morning when
the sun starts to heat the ground (Stull 1988). Unstable
atmospheric conditions drive the vertical dispersal, which
promotes longer dispersal distances by lifting the light
spores higher up. The increasing wind speed later in the
day generates more mechanical turbulence and the condi-
tions become less unstable (Fig. 6). Thus, the increasing
wind speed does not increase the proportion of spores dis-
persing beyond 100 m (Fig. 5a), because such conditions
promote spore deposition also at shorter distances onto
vegetation (Petroﬀ et al. 2008) even though shorter resi-
dence times of the air parcels within ground vegetation
layer is expected. High wind speed may thus not be the
main driver of long dispersal of spores but rather the
enhanced vertical mixing under unstable conditions which
promotes transport higher up in the atmosphere and then
consequently to larger horizontal distances (Fig. 6). The
vertical distribution of the still airborne spores at 100 m
suggests that spore release at the lower wind speeds during
the morning may actually promote dispersal of spores
beyond 100 m, as they have a higher vertical distribution
compared to spores released later in the day (Fig. 5b). For
example, given no vertical wind movement, a spore of
Brachythecium rutabulum at 10 and at 20 m above-ground
would settle in roughly 21 and 42 min, respectively, while
at the higher altitude the spore would also experience
higher horizontal wind speed and at the same time run a
reduced risk that its trajectory would be stopped by obsta-
cles. Moreover, spores entering the transportation phase
early in the day have more time for dispersal over long dis-
tances, if reaching higher air masses, before the wind con-
ditions calm down at night (Sundberg 2013).
ACT IVE MOSS SPORE RELEASE BY PER ISTOME
MOVEMENTS THAT EXTENDS THE DISPERSAL PER IOD
We show that moss spores are actively released by the peri-
stome movements, as the outer peristome teeth dig into
the spore mass when closing and drag out spores when
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Fig. 5. (a) The cumulative spore deposition up to 100 m when spores (18 lm in diameter) are released in (i) the highest wind speed each
day (mean from the 15 days = 145 m s1), and (ii) the wind conditions (mean = 064 m s1) prevailing when the decrease in RH leads to
peristome opening and spore release (RH; 75-89%), based on a mechanistic dispersal model and micrometeorological data from a rela-
tively open habitat with scattered trees during 15 days in May 2011 (L€onnell et al. 2015). Solid thick lines represent the mean, and broken
thin lines the 95% conﬁdence interval based on the means from the 15 periods. The ASL was on average unstable for both (i) and (ii), but
it was more unstable for (ii); mean of 1/L was 0026 and 029, respectively. Note the logarithmic (log10) x-axis. (b) The average propor-
tion of spores, among the ones that are still airborne, exceeding three threshold heights above the ground, at increasing distance from the
source, when released in (i) and (ii).
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opening, which agrees with some earlier observations
(Ingold 1959; Mueller 1973). The inner sides of the outer
teeth have small ridges, and the tips of the teeth are hook-
shaped, which are two morphological features that both
may aid in the collection of spores from inside the capsule.
Our results suggest that this may be the main mechanism
for spore release in this species. We did not see any spore
release when vibrating capsules at high humidity, which is
rather obvious from Fig. 1c since the capsule opening is
closed, but in contrast to our expectations, the same was
also observed for most capsules when the peristome was
open in dry conditions. The reason could be that the inner
peristome keeps the opening rather narrow and cone-
shaped when the outer peristome has opened (Fig. 1a).
However, we believe that very strong vibrations of the cap-
sule may still cause substantial spore release, as shown for
species having a peristome that is always open (Johansson
et al. 2014), and for the release of seeds (Kadereit & Leins
1988) and pollen (Urzay et al. 2009; Timerman et al.
2014). However, in our study species, such strong vibra-
tions are unlikely to be triggered by wind, since the cap-
sules are not much elevated above the ground, which
decreases the probability of wind-induced vibrations
(Johansson et al. 2014). Vibrations may instead occur, for
example in contact with animals. Hence, based on our
results it seems like the peristome movements are a prereq-
uisite for spore release.
It may seem unrealistic that the peristome opening
mechanism alone could empty the huge amount of spores
available in a capsule, and further studies are needed to
reveal the complete mechanism. However, we can specu-
late in how it might be possible based on our observations
and knowledge of the species. First, our data on spore
release during one single opening of the peristome may
strongly underestimate the number of spores released dur-
ing 1 day. The reason is that in our experiments the
humidity was decreased rather steadily during approxi-
mately 1 min, while the same decrease may occur under
sometimes several hours in nature (Fig. 3). Even if the
humidity in nature seems to decrease steadily, when sum-
marized over 10-min periods, there may be ﬂuctuations in
humidity during this time, which might lead to several
openings each morning and, thus, more spore release. Sec-
ondly, the capsules remain in nature for months which
together with the previous suggestion would result in
numerous openings. The peristome release mechanism,
hence, extends spore release events in time as compared to
species with a more instant release (e.g. Whitaker &
Edwards 2010; Johansson et al. 2014). However, one ques-
tion that needs more investigation is how spores are trans-
ported towards the capsule opening. We believe that the
spores may fall towards the opening when the outer spores
are being removed by the peristome teeth as long as the
horizontally arranged capsules contain decent amounts of
spores. It has also been suggested that capsules shrink
when drying, which forces spores closer to the opening
where they can be caught by the peristome teeth (Mueller
1973), but if this can completely empty capsules is unclear.
Another suggestion is that raindrops vibrate the capsules
when they are closed so that spores are transported for-
ward (the ﬁrst raindrops could even shake out spores
before the peristome closes in response to increased humid-
ity). Perhaps capsules are rarely completely emptied, and
the remaining spores are released on-site when the capsules
decompose.
EVOLUT IONARY ADVANTAGES OF LONG DISPERSAL
D ISTANCES AND DISPERSAL IN T IME
Plant species with speciﬁc habitat requirements, especially
if the substrate is short-lived, may live under a selection
pressure for traits that increase their possibility for
extended dispersal distances, so they can better sample
their environments and ensure that at least some diaspores
reach suitable habitats (e.g. Howe & Smallwood 1982;
Levin et al. 2003). We show a release mechanism for moss
spores that may have evolved under this pressure; mosses
are often restricted to delimited and dynamic patches of
suitable habitat. Other examples are mechanisms that
Fig. 6. The relationship between horizontal wind speed and the
stability of the atmospheric surface layer, and how these variables
relate to the probability of spores being dispersed long distance
and to high altitude for spores released in (i) conditions prevailing
during peristome opening (N = 15), (ii) the highest wind speed
(N = 15), and, to also include periods with a more stable surface
layer and low wind speeds (Appendix S3), (iii) the periods repre-
senting the lowest wind speed for each day (N = 15). The proba-
bility of spores being dispersed long and high is calculated as the
product of the probability of dispersing beyond 100 m and the
probability of being >10 m above-ground at that distance for each
period, and the size of the dots show probabilities that are below
the median, above the median, and above the 80% quantile
among all 45 periods. Positive values of stability correspond to a
stable atmospheric surface layer and negative values to an unsta-
ble layer. Vertical broken lines indicate the range of wind speeds
within which spores may be released by peristome opening.
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violently discharge spores up in the air where they can
more easily be caught by the wind (in Sphagnum; Whitaker
& Edwards 2010) and thresholds in seta vibration that
only allow spore release in turbulent winds (in Polytricha-
ceae; Johansson et al. 2014). In contrast, epiphytic mosses
in several clades have evolved a reduced peristome that
opens instead of closes in response to increasing humidity
(Mueller & Neumann 1988; Goﬃnet & Shaw 2008), which
may not be ideal for long-distance dispersal. One reason
may be that for these more wind-exposed species, estab-
lishment (which occurs at high humidity) is a stronger evo-
lutionary bottleneck than dispersal distance. We thus
suggest that dispersal kernels of mosses are the result of
simultaneous evolution of several traits, such as peristome
structure, seta length, capsule orientation, spore size and
shape, as well as release mechanism.
The mechanism we study does not only lead to longer
dispersal distances but also to a dispersal that is extended
in time. This may be viewed as a ‘bet-hedging strategy’ for
species living in variable environments (Seger & Brock-
mann 1987). The classical example of bet-hedging in plants
is seed dormancy (e.g. Venable 2007), but it could also be
extending seed release over the season (Bastida & Talavera
2002). By slowly portioning out spores with peristome
movements, the surrounding environment and the condi-
tions suitable for establishment are sampled over time, as
compared to species with a more instant spore release (e.g.
Sphagnum; Whitaker & Edwards 2010). Spreading the dis-
persal events in time should also ultimately result in a
higher diversity of dispersal distances and directions.
CONCLUS IONS AND FUTURE RESEARCH
Our study emphasizes the importance of studying diaspore
release mechanisms in relation to environmental condi-
tions, for an understanding of dispersal distances. Most
mechanistic dispersal models do not take release condi-
tions into account (Tackenberg 2003; Kuparinen et al.
2007), which may strongly aﬀect the predicted dispersal
distance (Schippers & Jongejans 2005; Soons & Bullock
2008; Savage et al. 2012), and the area over which dias-
pores are deposited (Savage et al. 2010). We show a non-
random release mechanism of moss spores in response to
changing humidity, suggesting that spores are mainly
released when the humidity drops from high values, which
usually occurs during the morning (Fig. 3). This release
mechanism may lead to longer dispersal distances because
more spores reach high altitudes which, since release hap-
pens in the morning, have the whole day to travel before
the wind calms down at night. The mechanism also leads
to a dispersal extension in time, which may be viewed as a
risk spreading. Spore release by peristome movements
should be common, because many mosses have a peris-
tome that opens in decreasing humidity (Goﬃnet & Shaw
2008). However, the air humidity thresholds, and the sig-
niﬁcance of the peristome movements for spore release,
may diﬀer depending on, for example the peristome
structure and capsule orientation. Moreover, the timing of
spore release may diﬀer among habitats; in forests, air
humidity is usually higher than in open habitats, which
may lead to spore release somewhat later in the day in the
forest. Hence, there are several aspects to investigate
before fully understanding the release of moss spores and
the evolution of dispersal traits, and we therefore suggest
focusing more research on the release process. This has
also been pointed out for other wind-dispersed organisms
(Kuparinen 2006; Nathan et al. 2011), to give a more
complete understanding of when and where diaspores
are dispersed, and hence, our ability to make realistic
predictions of species distribution patterns and population
dynamics.
Acknowledgements
We thank Lars Heden€as at the Swedish Museum of Natural History in
Stockholm for helping us ﬁnding old specimens in the herbarium, and
Sanna Laaka-Lindberg and two anonymous reviewers for valuable com-
ments on the manuscript. The work was funded by the Swedish Research
Council Formas, Grant 217-2008-1193 to K.H.
Data accessibility
Peristome movement data, spore release data and micrometeorological data
are deposited in Dryad Digital Repository http://dx.doi.org/10.5061/
dryad.mv346 (Johansson et al. 2015).
References
Arnell, H.W. (1875) De skandinaviska l€ofmossornas kalendarium [The phe-
nology of Scandinavian mosses]. Uppsala University, Uppsala, Sweden.
Bastida, F. & Talavera, S. (2012) Temporal and spatial patterns of seed dis-
persal in two Cistus species (Cistaceae). Annals of Botany, 89, 427–434.
Borger, C.P.D., Renton, M., Riethmuller, G. & Hashem, A. (2012) The
impact of seed head age and orientation on seed release thresholds.
Functional Ecology, 26, 837–843.
Frey, W., Stech, M. & Fischer, E. (2009) Syllabus of Plant Families – A.
Engler’s Syllabus der Pflanzenfamilien Part 3: Bryophytes and Seedless
Vascular Plants, 13th edn. Borntraeger, Berlin, Germany.
Goﬃnet, B. & Shaw, A.J. (2008) Bryophyte Biology, 2nd edn. Cambridge
University Press, New York, NY, USA.
Greene, D.F. (2005) The role of abscission in long-distance seed dispersal
by the wind. Ecology, 86, 3105–3110.
Greene, D.F. & Johnson, E.A. (1992) Fruit abscission in Acer saccharinum
with reference to seed dispersal. Canadian Journal of Botany, 70, 2277–
2283.
Greene, D.F., Quesada, M. & Calogeropoulos, C. (2008) Dispersal of seeds
by the tropical sea breeze. Ecology, 89, 118–125.
Heden€as, L. (2007) Morphological characters and their use in pleurocar-
pous moss systematics. Pleurocarpous Mosses: Systematics and Evolution.
The Systematics Association Special Volume Series 71 (eds A. E.
Newton & R. Tangney), pp. 227–245. CRC Press, Boca Raton, FL, USA.
Howe, H.F. & Smallwood, J. (1982) Ecology of seed dispersal. Annual
Review of Ecology and Systematics, 13, 201–228.
Hutsemekers, V., Dopagne, C. & Vanderpoorten, A. (2008) How far and
how fast do bryophytes travel at the landscape scale? Diversity and
Distributions, 14, 483–492.
Ingold, C.T. (1959) Peristome teeth and spore discharge in mosses. Transac-
tions of the Botanical Society of Edinburgh, 38, 76–88.
Ingold, C.T. (1965) Spore Liberation. Clarendon Press, Oxford, UK.
Jackson, S.T. & Lyford, M.E. (1999) Pollen dispersal models in Quaternary
plant ecology: assumptions, parameters, and prescriptions. The Botanical
Review, 65, 39–75.
Johansson, V., L€onnell, N., Sundberg, S. & Hylander, K. (2014) Release
thresholds for moss spores: the importance of turbulence and sporophyte
length. Journal of Ecology, 102, 721–729.
© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 1196–1204
Air humidity thresholds for moss spore release 1203
Johansson, V., L€onnell, N., Rannik, U., Sundberg, S. & Hylander, K.
(2015) Air humidity thresholds trigger active moss spore release to
extend dispersal in space and time. Dryad Digital Repository, http://dx.-
doi.org/10.5061/dryad.mv346
Jongejans, E., Pedatella, N.M., Shea, K., Skarpaas, O. & Auhl, R. (2007) Seed
release by invasive thistles: the impact of plant and environmental factors.
Proceedings of the Royal Society B: Biological Sciences, 274, 2457–2464.
Kadereit, J.W. & Leins, P. (1988) A wind-tunnel experiment on seed disper-
sal in Papaver L. sects Argemonidium Spach and Rhoeadium Spach
(Papaveraceae). Flora, 181, 189–203.
Kaimal, J.C. & Finnigan, J.J. (1994) Atmospheric Boundary Layer Flows:
Their Structure and Measurement. Oxford University Press, Oxford, UK.
Kuparinen, A. (2006) Mechanistic models for wind dispersal. Trends in
Plant Science, 11, 296–301.
Kuparinen, A., Markkanen, T., Riikonen, H. & Vesala, T. (2007) Modeling
air-mediated dispersal of spores, pollen and seeds in forested areas. Eco-
logical Modelling, 208, 177–188.
Lazarenko, A.S. (1957) On some cases of singular behavior of the moss
peristome. The Bryologist, 60, 14–17.
Levin, S.A., Muller-Landau, H.C., Nathan, R. & Chave, J. (2003) The ecol-
ogy and evolution of seed dispersal: a theoretical perspective. Annual
Review of Ecology, Evolution, and Systematics, 34, 575–604.
L€onnell, N., Hylander, K., Jonsson, B.G. & Sundberg, S. (2012) The fate
of the missing spores – patterns of realized dispersal beyond the closest
vicinity of a sporulating moss. PLoS ONE, 7, e41987.
L€onnell, N., Norros, V., Sundberg, S., Rannik, €U., Johansson, V., Ovaskai-
nen, O. et al. (2015) Testing a mechanistic dispersal model against a dis-
persal experiment with a wind-dispersed moss. Oikos, 124, 1232–1240.
Marchetto, K.M., Jongejans, E., Shea, K. & Auhl, R. (2012) Water loss
from ﬂower heads predicts seed release in two invasive thistles. Plant
Ecology & Diversity, 5, 57–65.
McCubbin, W.A. (1944) Relation of spore dimensions to their rate of fall.
Phytopathology, 34, 230–234.
Money, N.P. (1998) More g’s than the space shuttle: ballistospore dis-
charge. Mycologia, 90, 547–558.
Mueller, D.M.J. (1973) The Peristome of Fissidens Limbatus Sullivant.
University of California Press, Berkeley, CA, USA.
Mueller, D.M.J. & Neumann, A.J. (1988) Peristome structure and the regu-
lation of spore release in arthrodontous mosses. Advances in Bryology, 3,
135–158.
Nathan, R., Katul, G.G., Bohrer, G., Kuparinen, A., Soons, M.B., Thomp-
son, S.E. et al. (2011) Mechanistic models of seed dispersal by wind.
Theoretical Ecology, 4, 113–132.
Norros, V., Rannik, €U., Hussein, T., Pet€aj€a, T., Vesala, T. & Ovaskainen,
O. (2014) Do small spores disperse further than large spores? Ecology,
95, 1612–1621.
Pazos, G.E., Greene, D.F., Katul, G., Bertiller, M.B. & Soons, M.B. (2013)
Seed dispersal by wind: towards a conceptual framework of seed abscis-
sion and its contribution to long-distance dispersal. Journal of Ecology,
101, 889–904.
Petroﬀ, A., Mailliat, A., Amielh, M. & Anselmet, F. (2008) Aerosol dry
deposition on vegetative canopies. Part II: a new modelling approach
and applications. Atmospheric Environment, 42, 3654–3683.
Rockett, T.R. & Kramer, C.L. (1974) Periodicity and total spore produc-
tion by lignicolous basidiomycetes. Mycologia, 66, 817–829.
Savage, D., Borger, C.P. & Renton, M. (2014) Orientation and speed of
wind gusts causing abscission of wind-dispersed seeds inﬂuences disper-
sal distance. Functional Ecology, 28, 973–981.
Savage, D., Barbetti, M.J., MacLeod, W.J., Salam, M.U. & Renton, M.
(2010) Timing of propagule release signiﬁcantly alters the deposition
area of resulting aerial dispersal. Diversity and Distributions, 16, 288–
299.
Savage, D., Barbetti, M.J., MacLeod, W.J., Salam, M.U. & Renton, M.
(2012) Seasonal and diurnal patterns of spore release can signiﬁcantly
aﬀect the proportion of spores expected to undergo long-distance disper-
sal. Microbial Ecology, 63, 578–585.
Schippers, P. & Jongejans, E. (2005) Release thresholds strongly deter-
mine the range of seed dispersal by wind. Ecological Modelling, 185,
93–103.
Seger, J. & Brockmann, H.J. (1987) What is bet-hedging? Oxford Surveys in
Evolutionary Biology (eds P. H. Harvey & L. Partridge), pp. 182–211.
Oxford University Press, Oxford, UK.
Skarpaas, O., Auhl, R. & Shea, K. (2006) Environmental variability
and the initiation of dispersal: turbulence strongly increases seed
release. Proceedings of the Royal Society B: Biological Sciences, 273,
751–756.
Soons, M.B. & Bullock, J.M. (2008) Non-random seed abscission, long-dis-
tance wind dispersal and plant migration rates. Journal of Ecology, 96,
581–590.
Stull, R.B. (1988) An Introduction to Boundary Layer Meteorology, Soft-
cover reprint of the original 1st edn. Springer, New York, NY, USA.
Sundberg, S. (2010) Size matters for violent discharge height and settling
speed of Sphagnum spores: important attributes for dispersal potential.
Annals of Botany, 105, 291–300.
Sundberg, S. (2013) Spore rain in relation to regional sources and beyond.
Ecography, 36, 364–373.
Tackenberg, O. (2003) Modeling long-distance dispersal of plant diaspores
by wind. Ecological Monographs, 73, 173–189.
Timerman, D., Greene, D.F., Urzay, J. & Ackerman, J.D. (2014) Turbu-
lence-induced resonance vibrations cause pollen release in wind-polli-
nated Plantago lanceolata L. (Plantaginaceae). Journal of the Royal
Society Interface, 11, 20140866.
Urzay, J., Llewellyn Smith, S.G., Thompson, E. & Glover, B.J. (2009)
Wind gusts and plant aeroelasticity eﬀects on the aerodynamics of pollen
shedding: a hypothetical turbulence-initiated wind-pollination mecha-
nism. Journal of Theoretical Biology, 259, 785–792.
Vanderpoorten, A. & Goﬃnet, B. (2009) Introduction to Bryophytes. Cam-
bridge University Press, New York, NY, USA.
Venable, D.L. (2007) Bet hedging in a guild of desert annuals. Ecology, 88,
1086–1090.
Whitaker, D.L. & Edwards, J. (2010) Sphagnum moss disperses spores with
vortex rings. Science, 329, 406–406.
Wilkinson, D.M., Koumoutsaris, S., Mitchell, E.A.D. & Bey, I. (2012)
Modelling the eﬀect of size on the aerial dispersal of microorganisms.
Journal of Biogeography, 39, 89–97.
Received 8 October 2014; accepted 14 October 2015
Handling Editor: Sabrina Russo
Supporting Information
Additional Supporting information may be found in the online
version of this article:
Appendix S1. Description of the humidity chamber.
Appendix S2. An example ﬁlm from the spore release experiment.
Appendix S3. Description of the mechanistic dispersal model and
the meteorological data.
© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 1196–1204
1204 V. Johansson et al.
